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A B S T R A C T
The Lightweight Steel Framing (LSF) system has been proposed as an economical system that is earth-
quake resistant. Due to the lightness of LSF structures, the seismic performance of middle-rise buildings
has been improved. Nowadays, various numerical-analytical methods have been proposed for seismic
assessment of conventional structures.
Using scientiﬁc and statistical standards, this article provides twonewmethods for calculating thedamage
index of LSF structures. Once this index is determined, a correct understanding of structural behavior is
obtained and the retroﬁtting criteria are drawn. Themodiﬁed relationshipmethod is based onPapadopoulos
relationship which is modiﬁed usingmodiﬁcation factors of seismic geotechnics. From another viewpoint,
non-linear static analysis was used to calculate the criteria of this relationship. To detect the limit of the
ﬁrst failure and destruction of the entire structure, the formation of plastic hinges in columns is considered.
Material properties were deﬁned according to the performed experimental studies. To give a quali-
tative simple and functional damage index, the functional method was given in the form of a qualitative
method with statistical analysis and collection of different views. Using this method is very simple and
meantime offers suitable accuracy. With a numerical study on three LSF models there were made clear
that the difference of the new method and the amended method of Papadopoulos is approximately 5%.
This shows that the given qualitative method is suitable to be used in broad terms.
Since the damage index of light steel structure for Model 1 and Model 3 are between 0.4 and 0.8, it
is necessary to rehabilitate these structures using themodiﬁedmethod and the proposed qualitative damage
index.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
Iran is among the top ten disaster-prone countries and in this
term it suffersmany casualties annually. Statistics support this ﬁnding
that in average one severe earthquake higher than 7 in Richter scale
would happen in this country every 10 years [1]. Heterogeneous
texture, non-familiarity of the earthquake, incorrect protection of
buildings along with nonstandard planning and execution with the
earthquakes which occur sometimes, had led to irretrievable life and
material losses. The earthquake of 26 December 2003 in Bam is one
of such happenings. In this earthquake more than 80 percentage
of the Bam City itself, along with surrounding villages, was severe-
ly destroyed and more than 4000 persons lost their lives [2]. Giving
an index for failure is a subject which has attracted researchers
attention for more than three decades. For this purpose and knowing
the failure indices of a structure we may understand the structure
behavior in a correct way and apply to regulate its risky margins.
On the other hand to control the current condition of a structure
the knowledge of its failure method would be necessary for giving
an improvement plan. In other words, ﬁnding a damage index in a
structure makes it clear what level the given structure would resist
against side forces like earthquake. This would be more important
when we try to prepare an improvement plan for an area. In such
a case, the manager of a strengthening program will provide pro-
grams with a lower risk. Background of activities taken for
determination of damage index goes back to the early years of the
70s. In 1972, Vitman showed that using the ground movement in-
tensity and damages of buildings upon the ratio of expenses and
repair, we may determine an index for failure [3]. In 1979 and upon
two qualitative criterion, ﬁnal deformation and coeﬃcients of effects,
another method was given by Bertero and Brokken [4]. In 1985, Park
and Ang gave a newer method upon maximum possible deforma-
tion of a member and ﬁnal deformation with their combination with
themaximum absorbed energy [5]. Thismethodwas completedwith
the addition of end turning effect. In 2000, Iemura showed damage
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index should be considered before structure analysis and during the
application of structural limitations. They gave a new relation based
on Park and Ang relation (1985) and the level of doctility [6]. In 2001,
Honglin gave a modern method based on the collected data from
GIS system [7]. This method was an innovation upon which the
damage index was evaluated in an area in a qualitative manner. In
the same year, Bozorgnia and Bertero gave two separate indices of
structure failure for structures. Such relations have been clearly com-
piled with the performance-based design [8]. In 2003 Reinhorn et al.
deﬁned a damage index upon which the fatigue is directly incor-
porated in calculations [9]. In 2004, Papadopoulos et al., with a simple
and accurate method, introduced an exact method for calculation
of damage index which is quicker and simpler than prior methods
[10]. In 2005, Colombo and Negro gave a method for calculation of
damage index, which has been used independently from material
[11]. So it is an innovation in this ﬁeld. In the same year, Jeong and
Elanashai introduced three dimensional (3D) damage index for the
ﬁrst time. This method, in addition to consideration of side varia-
tion, includes vertical displacement simultaneously. In other word,
analysis of sensitivity would be possible [12].
In recent years, many experimental and analytical studies have
been conducted on Cold-Formed Steel (CFS) proﬁles, members and
framing systems. Xu and Tangorra [13] presented the experimental
results of a study carried out at the University of Waterloo on vi-
bration characteristics of cold-formed steelwhich is used to support
lightweight residential ﬂoor systems. Al-Kharat and Rogers [14] pre-
sented an experimental overview of the inelastic performance of
sixteen 2.44 m × 2.44 m cold-formed steel strap-braced walls that
were not designed according to a strict capacity-based design. Using
monotonic and reversed cyclic loading protocols, they showed that
if the capacity design principles are not considered, it will be pos-
sible that the performance of the walls to be affected by the hold-
down detail, which, inmany cases, did not allow the test specimens
to reach or maintain a yield capacity and severely diminished the
overall systemductility. In collaborationwith the author, DanDubina
[15] have undertaken a number of researches in the last few years
at the Politehnica University of Timisoara on the performance and
characterization the speciﬁc features of light steel framed struc-
tures. Moghimi and Ronagh [16] worked on the performance of
different light-gauge cold-formed steel strap-braced stud wall ar-
rangements subjected to cyclic on a total of twenty full-scale
2.4m × 2.4mspecimens. This paper presents a novel seismic damage
index for a LSF systemunder earthquake groundmotions using Finite
Element Analysis (FEA).
2. Deﬁnition of the general terms of light steel frame (LSF)
2.1. Channel beam (runner) members
These members are horizontally installed in the walls of cold
rolled buildings at the ﬂoor and roof and guide walls and are the
interface between the ﬂoor and roof.
2.2. Orthogonal members (stud)
These members are placed vertically at a distance of 40 to 60 cm
in the channel beam and are attached to the channel beam with
screws, rivets or welding and transfer vertical and lateral loads to
the supports in the form of a composite panel. Fig. 1 shows channel
beam (runner) and vertical (stud) members [17].
2.3. Strap brace
These members bear lateral load on the system. Fig. 2 shows a
light steel structure frame with a brace.
2.4. Yield point, tensile strength and stress–strain curve
The strength of cold rolled steel structural members depends on
the yield point or yield strength, except in connections and cases
where local elastic buckling or overall buckling is critical. The yield
point of the steels listed in AISI criteria are between 24 ksi to 80 ksi
(165 Mpa to 552 Mpa) [18].
2.4.1. Stress–strain curve
There are generally two types of stress–strain curves, as shown
in Fig. 3.
One is the sharp-yielding type (Fig. 3a) and the other is gradual-
yielding type (Fig. 3b). Cold-rolled steels are of gradual-yielding type
[18].
2.5. Shaping methods
Threemethods are generally used in the production of cold rolled
sections:
Fig. 1. Channel beam (runner) and vertical (stud) member [17].
Fig. 2. Light steel structure frame with Strap Brace [17].
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• Cold roller shaping
• Shaping operation by pressing
• Shaping operation by bending
2.6. Properties of cold rolled materials
• Lightness
• High resistance and hardness
• Simplicity in pre-fabrication and mass production
• Quick and easy installation
• No delays caused by weather conditions
• Lack of creep and shrinkage at ambient temperature
• No need for formatting
• High resistance against decay and termite attack
• Economic transportation
• Non-ﬂammability
The combination of these advantages can lead to signiﬁcant eco-
nomic savings in the construction [18].
3. Calculation of damage index
3.1. Colombo and Negro relation
In 2005, Colombo and Negro gave the most advanced and com-
plete relation for calculation of damage index [11]. This method is
based upon material fracture theory. So it is independent from the
material used in the structure. Colombo and Negro relation in general
form would be Eq.1:
DI
M
M
ac
y
= −1
0
(1)
In Eq.1, DI stands for damage index, Mac in the amount of at-
tracted force at the time of fracture and My0 stands for the attracted
force for yielding. To calculate the Mac we should use many rela-
tions which include many sub-relations. Using this relation would
undoubtedly require accuracy and making laboratory models and
numerical methods. So while we have no doubt about the high ac-
curacy of this method, it is hard and expensive for the engineers
and researchers to use it. For this reason Papadopoulos and his col-
leagues recommended other relations which are simple and have
a high precision and speed.
3.2. Papadopoulos and his colleagues relation (2003)
Compared with other methods and in addition to accurate cal-
culations, it is quick and easy to use relation. So it is introduced as
an effective method in the calculation of damage index. The basis
for obtaining the damage index, using Papadopoulos method is
threefolds:
a) Calculation of maximum displacement of structure using
static, dynamic or spectral analysis.
b) Calculation of displacement equal to the ﬁrst plastic joint in
one of the column.
c) Calculation of displacement equal to the ﬁrst plastic joint in
the ﬁrst level column. In other words, ﬁnding the maximum
displacement while the failure has taken place. Papadopoulos
recommended Eq.2 for the calculation of damage index [10].
GDP
d d
d d
r y
f y
=
−
−
(2)
In Eq.2, GDP1 is the damage index (or in other words, damage
index based upon plastic joint), dr is the maximum displacement
of the structure upon static, dynamic or spectral analysis, dy is the
maximum displacement equal to the ﬁrst plastic joint in one of the
column and df is the maximum displacement equal to the plastic
joint formed in the ﬁrst level column of the structure.
4. Supply of qualitative-quantitative damage index for LSF
systems
As noted, there aremanymethods for calculation of damage index
in buildings and there is no doubt that all such relations are im-
portant and reliable. But the major problem is that using such
relations to determine the risk of occurrence in an urban area is a
hard and expensive task. Heterogeneous texture of buildings may
be counted as the major reasons for this justiﬁcation. So we should
use other methods to obtain a risk interval in an area so as having
a precise result as the basis for decisionmaking, wemay obtain suit-
able speed.
On this basis, we should study the effective factors in structure
failure in the prior earthquake again and determine and weigh the
effective factors. In this case determination of damage index in terms
of quality for improving the decision making process for renova-
tion of buildings in a given area would be a practical and functional
method. Study of prior earthquakes in Iran shows that the effec-
tive factors in structural failure are: foundation problems and subsoil,
architectural problems, structure problems, connections and non-
structural elements.
1 Global Damage Plastic.
Fig. 3. Stress-strain curves for carbon steel sheets or strips (a) sharp-yielding type,
(b) gradual-yielding type [18].
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To give a newmethod for calculation of damage index we should
ﬁrst process the views of scientists and researchers in this ﬁeld upon
Delphi statistical method.
4.1. Survey of experienced structural engineers and professors with
the Delphi method
4.1.1. Delphi method
The Delphi method is a consensus of experts on a particular issue.
In this method, the manager or person in charge of solving the
problem prepares a form and writes the desired questions in it. He
then hands them out among all experts and asks them to ﬁll it in
a certain time. After collecting the form, he summarizes and cat-
egorizes them and resends them to all of the experts keeping the
participants anonymous. In this method, experts will have the op-
portunity to revise their opinions and this cycle will continue until
experts have an opportunity to review their forecasts and ultimate-
ly reach consensus on the subject [19].
Fig. 4 shows the theoretical framework of the Delphi technique
in qualitative research.
4.1.2. The form used in determining qualitative index
To develop the questionnaire for the proposed method, a survey
form was prepared based on the parameters of seismic assessment
guidelines for existing buildings and also diﬃculties encountered
in the samples of existing buildings in District 8 of Tehran accord-
ing to Table 1. The form was sent to 50 experienced structural
engineers and professors. They were asked to identify the effect of
these factors on the seismic behavior of buildings in percentage.
4.2. Qualitative method for the damage index of existing buildings in
Iran
Since the Delphi method is the basis of the survey, after con-
ducting the survey with the Delphi method, evaluation factors in
the questionnaire were weighed by analyzing expert opinions and
the problems of buildings in the studied area, as shown in Table 2.
Finally, by comparing the accrued coeﬃcients (ﬁnal index of vul-
nerability) resulting from the proposed method and Table 3, a
decision must be made on how to deal with the evaluated building.
5. Studies performed upon damage index given by the
corrected relation of Papadopoulos et al.
In this research, 3 LSF systemswere chosen for three-dimensional
(3D) analysis with an irregular plan. The 3D view of the FE struc-
tural models are shown in Fig. 5.
Fig. 4. Theoretical framework of Delphi technique in qualitative research [19].
Table 1
Form used in this study.
NO. Question Impact percentage
on damage
to buildings
1 Foundation problems, such as improper design and implementation 20
2 Structure and diaphragmatic problems, such as improper design and implementation 17
3 Architectural problems, such as lack of symmetry in the plan and elevation, creating short column, creating a soft ﬂoor, isolation joint
and mass distribution in elevation
25
4 Connection problems, such as improper welding, non-compliance with reinforcement patch and non-compliance with design and
implementation assumptions
33
5 Problems in inﬁll panels, facade, and facilities 5
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5.1. Seismic conditions
Upon divisions of building design resistant against earthquake,
they should be constructed on type II soil. As the site of samples
is located in a high-relative risk area the acceleration value (A) is
considered to be as 0.35.
5.2. Introduction of software
SAP2000 was used for light steel structure modeling and non-
linear static analysis. The reasons are as follows: 1. This application
uses the ﬁnite element method; 2. In this application, some cold
rolled sections and features are pre-deﬁned; 3. The AISI regula-
tion is considered in the design of cold-rolled elements. Fig. 6 shows
the AISI regulation and cold rolled sections in SAP.
These buildings include various plans and were designed based
on LRFDmethod according to AISI standard [18]. They were located
in the high-damage risk zone of Tehran City. The main frame of the
wall panels were made of cold-formed steel elements, top and
bottom tracks were made of U204/2.0 proﬁles (that is, U shape with
204 × 100 dimension and 2.0 mm thickness), and studs were made
of C200/2.0 proﬁles, ﬁxed at each end to track with self-drilling self-
taping screws. In these buildings, using cement-board sheet as
Table 2
Quality Damage Index.
Dependent
Coeﬃcient
Damage
Range
Status Weight Effective
present
Inspection Kind Percent
Dependent
Inspection Occasion
0–0.01 Suitable 0.06 30 Design 20 Foundation and under soil
0.01–0.04 Mediocre
0.04–0.06 Unsuitable
0–0.02 Suitable 0.10 50 Implementation
0.02–0.05 Mediocre
0.05–0.10 Unsuitable
0–0.01 Suitable 0.04 20 Column Arising
0.01–0.02 Mediocre
0.02–0.04 Unsuitable
0–0.02 Suitable 0.085 50 Lateral Porter System 17 Structure& Diaphragm
0.02–0.04 Mediocre
0.04–0.085 Unsuitable
0–0.01 Suitable 0.034 20 Vertical Porter System
0.01–0.02 Mediocre
0.02–.034 Unsuitable
0–0.015 Suitable 0.051 30 Ceiling
0.015–0.03 Mediocre
0.03–0.051 Unsuitable
0–0.01 Suitable 0.034 12.5 Regular in Plan 25 Architecture
0.01–0.015 Mediocre
0.015–0.034 Unsuitable
0–0.01 Suitable 0.06 25 Soft Story
0.01–0.025 Mediocre
0.025–0.06 Unsuitable
0–0.01 Suitable 0.075 30 Short Column
0.01–0.02 Mediocre
0.02–0.075 Unsuitable
0–0.01 Suitable 0.031 12.5 Regular in Height
0.01–0.015 Mediocre
0.015–0.031 Unsuitable
0–0.01 Suitable 0.025 10 Mass Distribution In Height
0.01–0.015 Mediocre
0.015–0.025 Unsuitable
0–0.005 Suitable 0.025 10 Earthquake Joint
0.005–0.01 Mediocre
0.01–0.025 Unsuitable
0–0.01 Suitable 0.099 30 Design 33 Connection
0.01–0.03 Mediocre
0.03–0.099 Unsuitable
0–0.01 Suitable 0.231 70 Implementation
0.01–0.08 Mediocre
0.08–0.231 Unsuitable
0–0.01 Suitable 0.03 100 3 Meddle Frame
0.01–0.02 Mediocre
0.02–0.03 Unsuitable
0–0.001 Suitable 0.002 20 Design 1 Hue
0.001–0.003 Unsuitable
0–0.002 Suitable 0.008 80 Implementation
0.002–0.008 Unsuitable
0–0.005 Suitable 0.01 100 Bracing 1 Installation
0.005–0.01 Unsuitable
Σ = 100% Σ = 100%
Table 3
Vulnerability intervals and suggesting a way to deal with the evaluated building.
Limits of changes Solution
0–0.2 Without the need for structural strengthening.
0.2–0.4 Strengthening is required.
0.4–0.8 Strengthening is required, but it is necessary to
consider the economic feasibility of the project.
0.4–0.8 Buildings must be demolished and rebuilt.
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cladding, the sheets were placed horizontally with a useful width
of 1200mm. Cement-boards sheet was ﬁxed to the wall frame using
special self-tapping screws. The number of screws is determined
to avoid failure at strap-end ﬁxings and facilitate yielding. 10 mm
OSB panels (1200 × 2440mm2) were placed similarly as the gypsum
panels in internal spaces of building. They were installed only on
the ‘external’ side of the panel and ﬁxed to the frame using bugle-
head self-drilling screws of d = 4.2 mm diameter at 1 mm intervals.
It should be noted that different experimental tests were con-
ducted on the cold-formed proﬁles at the Mechanics Laboratory of
Sharif University of Technology.
5.3. Tests on light steel frame (LSF)
These tests include compressive axial loading test, tensile test
for samples taken from the sent beams, transverse load test on the
beams and hardness test on the samples taken from the beams.
5.3.1. Compressive axial load test
In this test, the sections of the sent beams include the two types
shown in Fig. 7. During the test, the lower end of the column was
placed on a ﬂat sheet and then compressive axial force was applied
on the higher end through a ﬂat sheet.
The test results are shown in Table 4.
5.3.2. Tensile test for samples taken from the beams
In this test, the sections of the beams include the same two types
shown in Fig. 7.
The results of tensile test for samples taken from Type A and Type
B sections are shown in Tables 5 and 6.
5.3.3. Transverse load test on the beams
In this test, the sections of the beams include the same two types
shown in Fig. 7.
The loading types are the same two types shown in Fig. 8.
The transverse load test results are shown in Table 7.
5.3.4. Hardness test for samples taken from the beams
In this test, the sections of the beams include the same two types
shown in Fig. 7.
The hardness results for the samples of Type A and Type B sec-
tions are shown in Tables 8 and 9.
Fig. 9 shows tests on the cold rolled sections.
Table 10 presents the material properties according to the lab-
oratory results.
5.4. Calculating the earthquake force
According to AISI standard [18], the base shear force (V) of light
steel structures is calculated by Eq.3:
Fig. 5. The 3D view of FE structural models.
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V CW= (3)
where V is shear force at the base level, W is the weight of the entire
building, including all dead load and weight ﬁxed facilities plus a
percentage of the live load and snow load, and C is the seismic co-
eﬃcient which is obtained by Eq.4:
C
ABI
R
= (4)
where A is the basic acceleration of the plan (earthquake acceler-
ation to gravity g), B is the building reﬂection coeﬃcient which is
obtained using the reﬂectance spectra of the plan, and I is the im-
portance coeﬃcient of the building and R is the behavior coeﬃcient
of the building.
Parameters required for the calculation of shear force at the base
level for three LSF system models are shown in Table 11. V is basic
shear force in Newton,Wis the structure weight in kilograms, C is
seismic coeﬃcient, A is the base acceleration, I is coeﬃcient of im-
portance, R is behavior factor of the frame, H is the structure height
in meters, B is reﬂection coeﬃcient and T is the time period in
seconds.
5.5. Static analysis of three dimensional models
Upon performed static analysis for LSF systems following the 4
versions of Iranian 2800 standard [20], it was made clear that the
maximum displacement ( dr ) in roof level for LSF systems would
be as per given in Table 12.
5.6. Non-linear static pushover analysis
The relationship between the base shear and the top storey dis-
placement, which is generally known as pushover curve or capacity
curve, can be obtained by gradually increasing the lateral load which
is appropriately distributed over the storeys. There can be many al-
ternatives for the distribution pattern of the lateral loads, and
different patterns of lateral loads may result in pushover curves with
different characteristics and different sequence of plastic hinge for-
mation. Non-linear static pushover analysis was undertaken to
evaluate the global yield limit state and the structural capacity by
progressively increasing the lateral storey forces proportional to the
Fig. 6. AISI regulation and cold rolled sections in SAP.
7.1 Section type A          7.2 Section type B         
Fig. 7. Sections of the beams sent for compressive axial load test.
Table 4
Results of compressive axial load test.
Sample
NO.
Section composition Nominal dimensions
of the section (mm)
Ultimate
force (kN)
Ultimate force (kN)
1 Section type B D = 50, E = 100 25 Instability (buckling) along with sectional plastic deformation of the column
2 Section type B D = 42, E = 155 50 Instability (buckling) along with sectional plastic deformation of the column
3 Resulted composite section, connected
by screws, sections A and B
A = 70, B = 148
C = 20, D = 80,
E = 150
121 Instability (buckling) along with sectional plastic deformation of the column
4 Section type B D = 50, E = 100 21 Instability (buckling) along with sectional plastic deformation of the column
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fundamental and equivalent modes. The post-yield stiffness of the
beams and columns was assumed to be 3% of the initial stiffness.
The limit state of a structure is deﬁned by both the system-
level criterion (maximum inter-storey drift ratio) and the member-
level criteria (limit states for beams or columns). In the FEMA-450
[21], the maximum inter-storey drift ratio of 2.5% is generally speci-
ﬁed as the Collapse Prevention (CP) limit state for the framed
structures. The pushover curve in Fig. 10 depicts the force and the
corresponding displacement in the LSF building when pushed to
failure during the non-linear static procedure. Assigning such joints
to beams and columns and doing non-linear static analysis, it appears
that the maximum displacement equal to the ﬁrst plastic joint in
one of the columns ( dy ) and the value for maximum displace-
ment equal to the ﬁrst plastic joint in the ﬁrst level column ( df )
(which means the structure failure for samples) would be as given
in Table 13.
Upon FEMA-450 Instructions, which is a reference in non-
linear static analysis of LSF system, non-linear joints are deﬁned
as the curve for force displacement. Although those curves loaded
to computer analysis program in this form should be the results
from different tests on different structures. In construction mate-
rials like Lightweight Steel Framing, in most of the cases, the rupture
from sectional and general buckling would occur before the rupture
from ﬁnal limit of strain, for this reason using the force displace-
ment curves with a rupture point extracted upon sectional buckling
would be reasonable. In FEMA-450 Instructions, speciﬁcations for
standard non-linear joints are given.
According to the sections used in three light steel structure (LSF)
studied in this research, based on the seismic design regulation
FEMA-450 for moment frame columns used in these structures
(Studs were made of C200/2.0 proﬁles), the plastic hinge type is
axial force-two moments behavior (Default-PMM). Moreover, for
the moment frame beams used in these structures (Runners were
made of C150/1.0 proﬁles) which have ﬂexural behavior, the plastic
hinge type was selected with the ﬂexural behavior (Default-M3).
According to the modeling parameters table and acceptance cri-
teria in nonlinear methods, the FEMA-450 instruction is the same
for all runners of light steel structures despite the difference in
sections, modeling parameters and acceptance criteria, thus only
one plastic hinge is deﬁned by the following characteristics.
Modeling parameters:
a = 4
b = 6
c = 0.2
Table 5
The tensile test results for samples taken from Type A sections.
Sample nominal
dimensions(mm)
Sample type Sample
number
Yield
stress
(MPa)
Final
stress
(MPa)
Change
percentage
of relative
plastic length
during failure
6*1.4 Longitudinal 1 364 409 21.2
2 349 408 26.4
3 343 400 21.5
4 337 402 31.2
5 344 401 30.8
Transverse 1 353 397 28.3
2 358 400 31.3
3 358 403 39.4
4 359 402 31.6
5 358 404 30.2
Table 6
The tensile test results for samples taken from Type B sections.
Sample nominal
dimensions(mm)
Sample type Sample
number
Yield
stress
(MPa)
Final
stress
(MPa)
Change
percentage of
relative plastic
length during
failure
6*1.4 Longitudinal 1 341 405 29.5
2 346 403 32.7
3 342 401 33.4
4 340 401 31.9
5 334 400 31.4
Transverse 1 366 400 31.2
2 373 403 29.4
3 370 404 24.3
4 369 402 27.1
5 364 403 28.1
 
Type A                                                                 Type B     
Fig. 8. Transverse load.
Table 7
Transverse load test results.
Sample
NO.
Section composition Nominal dimensions
of the section (mm)
Loading
type
Ultimate
force (kN)
What happened when applying
the ultimate force
1 Resulted composite section, connected by screws, sections A and B A = 70, B = 150
C = 20, D = 80, E = 150
A 14.6 A section of the beam is hinged
2 Resulted composite sector, connected by screw, sections A and B
along with a sheet with a thickness of one millimeter attached to
the roof of section A
A = 50, B = 100
C = 25, D = 50, E = 100
A 7.3 A section of the beam is hinged
3 Resulted composite sector, connected by screw, sections A and B
along with a sheet with a thickness of one millimeter attached to
the roof of section A
A = 50, B = 100
C = 25, D = 50, E = 100
A 8.0 A section of the beam is hinged
4 Resulted composite section, connected by screws, sections A and B A = 70, B = 150
C = 20, D = 80, E = 150
B 13.5 A section of the beam is hinged
Table 8
Hardness results of the samples of Type A section.
Sample surface
conditions
Test
NO.
Hardness
(HV30)
The main surface 1 128
2 126
3 127
The stoned surface 1 138
2 142
3 138
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Acceptance criteria:
IO = 0.25
LS = 3
CP = 4
where (a) and (b) are plastic rotational angle, radian and (c) is re-
sidual stress, IO is immediate occupancy, LS is the level of life safety
and CP is the collapse prevention.
Fig. 11 shows the plastic hinge of ﬂexural behavior type (Default-
M3) for runners with the sections C150/1.0 and C100/1.0 used in
all three light steel structures.
According to the table for modeling parameters and accep-
tance criteria in nonlinear methods of the FEMA-450 instruction,
since the C200/2.0 section is used for the studs of light steel struc-
tures on the ﬁrst ﬂoor, and C100/1.0 and C150/1.5 studs are used
in the upper ﬂoors, two plastic hinges are generally deﬁned for studs.
Since P PCL = 0 5. where P is the axial force of the column calcu-
lated in nonlinear analyses with regard to the non-linear behavior
of the structure and PCL is the lower bound of compressive strength
of the column is calculated based on Eq.5. where Fa is the allow-
able axial compressive stress and A is the cross-section of the desired
column.
P AFCL a= ∗1 7. (5)
Given that the non-linear analysis has not yet be done and the
axial force (P) resulted from the pushover analysis is not available,
either P PCL < 0 15. or 0 15 0 50. .< <P PCL must be considered as
default, and then the modeling parameters and acceptance crite-
ria for columns must be obtained accordingly. After the pushover
analysis, the axial force (P) resulted from the pushover analysis is
extracted and the actual value of P PCL is obtained. In the present
study, 0 15 0 50. .< <P PCL for all of studs.
Thus for all the studs in the ﬁrst ﬂoor in which all three light
steel structures use the section C200/2.0, plastic hinge is deﬁned
with the following characteristics:
Modeling parameters:
a PCL= ∗ − ∗( ) =10 1 1 7 1 5. .P
b PCL= ∗ − ∗( ) =15 1 1 7 2 25. .P
c = 0.2
Acceptance criteria:
IO = 0.25
LS P= ∗ − ∗( ) =12 1 1 7 1 8. .PCL
CP P= ∗ − ∗( ) =15 1 1 7 2 25. .PCL
where (a) and (b) are plastic rotational angle, radian and (c) is re-
sidual stress, IO is immediate occupancy, LS is the level of life safety
and CP is the collapse prevention.
Fig. 12 shows the plastic hinge with the axial force-twomoments
behavior (Default-PMM) for the C200/2.0 stud used in all three light
steel structures.
Moreover, for all the studs in the second ﬂoor and above for all
three light steel structures in which the sections C100/1.0 and
C150/1.5 are used, plastic hinge is deﬁned with the following
characteristics:
Modeling parameters:
a = 1
b = 1.5
c = 0.2
Acceptance criteria:
IO = 0.25
LS = 1.2
CP = 1.2
Table 9
Hardness results of the samples of Type B section.
Sample surface
conditions
Test
NO.
Hardness
(HV30)
The man surface 1 126
2 128
3 129
The stoned surface 1 135
2 136
3 135
Fig. 9. The performed different laboratory tests on the cold-formed proﬁles.
Table 10
The material properties data.
Parameter Value
Yield strength (MPa) 344.21
Ultimate tensile strength (MPa) 447.18
Modulus of elasticity (GPa) 190
Poisson’s ratio 0.3
Shear modulus (GPa) 78.6
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where (a) and (b) are plastic rotational angle, radian and (c) is re-
sidual stress, IO is immediate occupancy, LS is the level of life safety
and CP is the collapse prevention.
Fig. 13 shows the plastic hinge with the axial force-twomoments
behavior (Default-PMM) for the studs with sections C100/1.0 and
C150/1.5 used in all three light steel structures.
Fig. 14 depicts a maximum displacement equal to the ﬁrst plastic
hinge in one of the columns ( dy) and maximum displacement equal
to the ﬁrst plastic hinge the ﬁrst level column ( df ) using non-
linear static analysis.
6. Corrected Papadopoulos et al. Relationship
Papadopoulos et al. Relationship, while being simple, has been
proposed by them as an experimental-numerical method. So suing
this relation would challenge the engineers and researchers. Then
for changing this relation into a simple numerical, static analyti-
cal and nonlinear relation, it was used by the authors of this paper.
In this analysis, dr is the maximum displacement equal to the ﬁrst
plastic joint formed in one of the columns and df is the maximum
displacement equal to the ﬁrst plastic joint formed in the ﬁrst level
column of the structure. So Eq.2 is changed into a numerical relation.
From other point of view, Papadopoulos did no based geo-
technique seismic effects in his research. Therefore, factors related
to the type of soil must be considered in the calculation of the
damage index.
6.1. Application of factors related with the soil type to the damage
index
Once the Papadopoulos et al. Relationship has been applied and
the buildings vulnerability index has been determined, the inﬂu-
ence which the underlying soil has on the damage index is
considered.
To determine the ampliﬁcation factors of damage index, it is nec-
essary to use the following soil classiﬁcation system, which is
based on depth of rock, the characteristics of the strata and the
Table 11
Parameters required for the calculation of basic shear force for the three light steel structures.
Model Frame H T I B A R C W V
Model 1 Moment Resisting Frame 12 0.5 1 2.5 0.35 4 0.22 95373 224464
Model 2 Moment Resisting Frame 4.5 0.15 1 2.5 0.35 4 0.22 26537 62458
Model 3 Moment Resisting Frame 7 0.21 1 2.5 0.35 4 0.22 10222 24065
V is basic shear force in Newton, W is the structure weight in kilograms, C is seismic coeﬃcient, A is the base acceleration, I is coeﬃcient of importance, R is behavior factor
of the frame, H is the structure height in meters, B is reﬂection coeﬃcient and T is the time period in seconds.
Table 12
Computed value (dr).
Title dr (mm)
Model (1) 2.85
Model (2) 1.89
Model (3) 1.91
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Fig. 10. The Pushover curve for proposed LSF building.
Table 13
The values of (dy) and (df) parameters.
Parameter Value (cm)
Model 1 Model 2 Model 3
Maximum displacement equal to the ﬁrst plastic joint in one of the columns (dy) 1.39 0.65 0.83
Maximum displacement equal to the ﬁrst plastic joint in one of the columns (df) 4.24 6.65 3.07
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Fig. 11. Nonlinear Plastic Hinge Moment M3.
Fig. 12. Nonlinear Plastic Hinge Interacting P-M2-M3.
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topography of the land on which the building is located. This in-
formation will be taken from the geotechnical studies available.
For this, soil proﬁles are divided into 4 types: S1, S2, S3 and S4.
Proﬁles S1, S2 and S3 are the same as deﬁned in Covenin–Mindur
standard 1756-80-82, chapter 6. Proﬁle S4 is for soils where the liq-
uefaction potential has been suppressed or diminished.
As for the topography of the land, there are three representa-
tive conﬁgurations that inﬂuence the damage index, namely: ﬂat,
on a slope, on a slope with landﬁll.
The damage index ampliﬁcation factors associated with soil
proﬁle ( r1) and topography ( r2) are shown in the following tables
[22]:
The damage index (DI) will be calculated with the formula:
DI V= ⋅ ⋅r r1 2 (6)
where V is vulnerability of the LSF system, based on Papadopoulos
et al. Relationship, and r1 and r2 are the values obtained from pre-
vious tables.
So with the broad studies taken place by the authors of this paper,
relation2 is corrected as relation7.
GDP r r
d d
d d
r
r y
f y
= ⋅⋅
−
−
1 2 (7)
In Eq.7, r r1 2, are the correction coeﬃcients describing the seismic
geotechnical effects. With exact calculations upon classiﬁcation of
given soil in UBC-97 code and Covenin–Mindur standard 1756-80-
82, the r r1 2, coeﬃcients would be given as Table 14 and Table 15.
After calculating the index from the aforesaid method, if the cal-
culated GDPr value is lower than 0.2, the related structure may need
to be repaired or strengthened. The GDPr with a value of more than
0.2 and lower than 0.4, means that the structure needs improvement.
If the calculated value is more than 0.4 and less than 0.8, the
improvement is obligatory while economic considerations should
also be noted, and GDPr of more than 0.8 means the structure
destruction.
Given that the site land for light steel structures is the soil type
S2 and the structures are topographically located on ﬂat ground,
r1 and r2 coeﬃcients are 1 and 1.2, respectively. The damage index
for light steel structures under study is calculated with Eq.8.
GDP
d d
d d
r
r y
f y
= ∗ ∗
−
−
1 2 1. (8)
Considering the presented values of dy , dr , df and r r1 2, , the values
of (GDP) and GDPr would be as given in Table 16.
7. Comparison of results obtained from seismic damage index
given by corrected Papadopoulos relation and qualitative
seismic damage index (Table 2)
Completing Table 2 for LSF systems under studywe ﬁnd that qual-
itative seismic damage index for samples (1), (2) and (3) are
respectively equal to 0.59, 0.28 and 0.55. So the results from Table 2
have a high precision. Then the two given methods are in agree-
ment in the building conditions for strengthening. In other words
both methods show that their intervals are in the same row.
8. Results
- Papadopoulos method is a relatively functional method against
other methods, in calculation of LSF systems seismic damage
index but this is based on the experimental-numerical method.
Fig. 13. Nonlinear Plastic Hinge Interacting P-M2-M3.
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- Papadopoulos method, like many other methods, is not com-
plete since it does not include the seismic geo-technique effects.
- The given method in this paper is changed into a simple method
of suitable accuracy by correction and completion of prior
method.
- In the given way, this method is changed into a numerical
method.
- By statistical analysis and collecting relative professors’ views,
a functional method is given for the ﬁrst time in this paper in
the form of a qualitative method with suitable accuracy for LSF
systems.
- Doing case studies we found that the difference between cor-
rected Papadopoulos method (corrected by the authors of this
paper) with given qualitative method for sample LSF models
would be 3.3%, 7.1% and 5.2%for (1), (2) and (3) LSF models
respectively.
- Considering the results from numerical study we found that a
new solution has been given for estimation of LSF systems con-
dition to see if we need strengthening.
In case of using the results from current study, many decisions
which are based upon engineer justiﬁcation would be changed into
scientiﬁc and reasonable decisions.
Fig. 14. Maximum displacement equal to the ﬁrst plastic joint in one of the columns ( dy ) and maximum displacement equal to the ﬁrst plastic joint in the ﬁrst level column
( df ) using non-linear static analysis.
Table 14
The values of ampliﬁcation coeﬃcient describing the soil proﬁle [22].
Soil Proﬁle
(UBC-97)
Ampliﬁcation
Factor (r1)
S1 1.0
S2 1.2
S3 1.5
S4 2.0
Table 15
The values of ampliﬁcation coeﬃcient describing the topography [22].
Topography Ampliﬁcation
Factor (r2)
Flat 1.0
On a slope 1.2
On a slope with landﬁll 1.5
Table 16
Calculating GDP, GDPr.
Title GDP GDPr
Model(1) 0.51 0.61
Model(2) 0.21 0.25
Model(3) 0.48 0.58
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9. Conclusion
This study ﬁrst used the Papadopoulos relationship to deter-
mine the seismic damage index of light steel structures (LSF). Since
this relationship does not consider seismic geotechnical effects, it
was modiﬁed by the authors to modiﬁed Papadopoulos relation-
ship where r1 and r2 coeﬃcients, that are respectively related to soil
type and topography of the area, were considered. Then, using expert
opinions and based on the statistical Delphimethod, the newmethod
called qualitative damage index was presented that has both good
accuracy and speed. The difference between the quantitative damage
index (modiﬁed Papadopoulos relationship) and the qualitative
damage index for the light steel structure is about 5%. Moreover,
using the modiﬁed Papadopoulos relationship and the proposed
qualitative damage index assessment, since the damage index of
Model 1 and Model 2 is between 4.0 and 8.0, improvement is nec-
essary for these light steel structures. However, economic
considerations must also be taken into account. Since the damage
index for Model 2 of the light steel structure is between 0.2 and 0.4
according to both qualitative and quantitative methods of damage
index calculation, this structure must also be rehabilitated.
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